INTRODUCTION
Dense populations of wild and cultured bivalve molluscs can play an important role in coastal marine ecosystems through the provision of ecological services and possibly by way of negative environmental effects (Shumway 2011 ). This role is largely linked to the population's capacity to capture suspended par-removal of particles from a set volume or constant flow. In both cases, CR is a function of the rate that water is pumped through the gill (pumping rate, PR) and the proportion of suspended particles that are retained by the feeding apparatus (retention efficiency, RE). Coughlan (1969) outlined the fundamental assumptions of the indirect ap proach for estimating CR, including the requirement that the organism retain tracer particles of a predetermined size range with known efficiency (usually 100%). Williams (1982) subsequently showed that the ob served rate of particle removal cannot easily be trans lated into a CR when RE is less than 100%. Knowledge on the relationship between RE and particle size is therefore essential for determining accurate CRs and subsequently for interpreting ecosystem interactions with bivalve populations.
The particle RE of suspension-feeding bivalve molluscs clearly depends on particle size, and this relationship has been described as an asymptotic increase to maximum retention at particle diameters between 3 and 7 μm (e.g. Haven & Morales-Alamo 1970 , Vahl 1972 , Jørgensen 1974 , Møhlenberg & Riisgård 1978 , Palmer & Williams 1980 , Lucas et al. 1987 , Riisgård 1988 . Particle retention in Mytilus edulis is reported to rapidly decrease below approximately 4 μm (Møhlenberg & Riisgård 1978) , and this empirical model has become firmly established in the literature. However, several field studies have reported distinctly different RE size distributions. Strohmeier et al. (2012) showed that blue mussels M. edulis in a Norwegian fjord exhibited seasonally variable particle retention size spectra, with a gradual increase in RE from small to large particles and maximum RE at sizes between 7 and 35 μm. Changes in the RE maxima appeared to coincide with changes in the ambient particle size distribution. In addition, RE often declined as particle size exceeded the RE maxima. Similar results with seston diets were observed in studies of mussel filtration by Lucas et al. (1987) and Rosa et al. (2015) and have been reported for other bivalve species (Stenton-Dozey & Brown 1992 , Barillé et al. 1993 . The divergence of results between laboratory and field studies raises uncertainty regarding the relative contribution of potential trophic resources to bivalve growth and suggests that a widely accepted methodological assumption for determining feeding rates (effective retention of particles larger than 3-7 μm) may not always be valid. Strohmeier et al. (2012) suggested that the seasonally variable RE of mussels in nature may indicate a high degree of physiological control of particle capture. However, the absence of a known particle capture mechanism that would fully explain all these results has contributed to a focus on identifying alternative explanations, particularly methodological errors (Rosa et al. 2015) . Strohmeier et al. (2012) noted that RE artifacts could stem from the improper use of particle-counting instrumentation, the method for data standardization, flow variations in feeding chambers, and the disaggregation of flocculated particles in feeding chambers. In addition, Rosa et al. (2015) suggested that artifacts may result from nonspherical seston particles confounding the measurement of particle size, the escape of motile cells from capture, and/or mathematical happenstance. Presently, no definitive conclusion has been reached on whether or not RE is physiologically controlled or varies simply as a result of methodological artifacts.
The present study investigated possible sources of error in RE and CR methodologies with the objective of providing recommendations on approaches that ensure a high degree of measurement accuracy. Data ob tained with these methods were also used to determine if the retention of seston particles by M. edulis conforms to the traditionally accepted RE size distribution (see above) or to some alternate relationship with particle size.
Variations in particle shape can influence the determination of equivalent spherical diameter (ESD) by particle analyzers and thereby cause errors in the calculation of the RE size distribution. For example, a long particle may be effectively captured despite having a relatively small ESD. The possibility of methodological artifacts arising from variations in the shape of different particle sources in natural seston was addressed by comparing RE size distributions obtained for natural seston suspensions with those from reference diets containing particles with uniform properties across their size spectra (marine clay and algal cell monocultures). In the absence of a significant particle shape effect, the RE size distribution for all experimental particle suspensions should be similar. The potential effect on RE measurements from variability in the physical properties of seston particles was also addressed by examining particle retention by species with different feeding mechanisms. Methodological artifacts introduced in the calculation of RE by the physical properties of different particles should consistently arise for a given particle suspension regardless of the particle capture mechanism. Published RE size distributions for M. edulis (cirri and cilia particle capture anatomy) and the vase tunicate Ciona intestinalis (mucociliary net) have both been characterized as including a rapid decline in RE below a particle size threshold (e.g. Randløv & Riisgård 1979 and references in this section for mussels). Although the threshold size for maximal RE varies between these species, the shape of the RE size distribution should follow the same general pattern for both species if methodological errors were influencing the measurements. In the absence of methodological errors, changes in the shape of the RE size distributions of mussels, relative to tunicates, would reveal a higher degree of flexibility in particle retention. The relatively simple mucus net of C. intestinalis may be expected to produce a typical sieve retention response, with RE rapidly declining below the pore size of the net, while the more complex feeding apparatus of mussels may facilitate a more variable response (e.g. Ward et al. 1998 , Strohmeier et al. 2012 ). All of the methodological validations and comparisons described herein were conducted using disaggregated particle suspensions to prevent errors that would occur if the mussel, tunicate or experimental apparatus was altering the ambient particle size distribution by means other than an active particle capture mechanism.
Measurement accuracy was assessed by comparing results obtained using 3 methods (static, flowthrough and a new approach based on the static method) and 3 different particle suspensions (natural seston, algal cell monocultures and clay). In addition, a revised static method was developed that employs a rigorous sampling approach designed to statistically assess the reliability of all measurements. RE results obtained with these different methods were compared to assess the inherent assumption that they provide similar results. The flow-through approach strictly requires that the suspension is not recirculated by the suspension feeder(s) and that the results are not flowdependent (Riisgård 1977) , while the static method exponential model is expected to account for recirculation (Coughlan 1969) . Both approaches are assumed to give an equivalent standardized RE size spectra, despite the fact that the flow-through method provides a near-instantaneous particle retention re sponse, while the static method provides a cumula tive response after several passes of the suspension through the filtration apparatus.
MATERIALS AND METHODS
Study site, test organisms and particle suspensions RE measurements for blue mussels Mytilus edulis and vase tunicates Ciona intestinalis were performed between 1 and 5 September 2015 at a field station (Måkastein) located near the head of the Lysefjord (59° 03.24 N, 6° 837.77 E). Lysefjord is located on the southwestern coast of Norway and is approximately 40 km long and 0.5 to 2 km wide, with a depth range from 13 m at the outer sill to a maximum of 460 m. The mean tidal range is 0.4 m. Seasonal variations in suspended particle matter concentrations at the study site average 3.1 mg l −1 (SD = 1.2; Strohmeier et al. 2015) . Mussels and tunicates were collected at the study site by divers from approximately 7 m depth on 22 July 2015. Mussels were initially graded to a shell length range of 49 to 62 mm, and both species were thereafter held at 7 m depth at Måkastein to acclimatize to local conditions. Mussels and tunicates selected for feeding experiments ranged between 52 and 58 mm shell length and 74 to 96 mm tunic height, respectively. Three days prior to conducting feeding experiments, Velcro strips were fixed to the base of the tunic with cyanoacrylate glue to allow each tunicate to be positioned within feeding chambers.
A variety of particle suspensions were employed in this study, including 5 species of cultured algal cells, natural seston pumped from 7 m depth at Måkastein, and clay particles of a size distribution similar to the seston diet but containing particles of uniform shape. The algal species were chosen from available culture stocks at the Austevoll Research Station to include oval and pennate shapes based on microscopic measurements. The cultured stocks included Thalassiosira pseudonana (4.75 μm modal size based on laser particle counter analysis described below), Chaetoceros calcitrans (7.25 μm), Skeletonema costatum (14.25 μm), Tetraselmis suecica (12.75 μm) and C. muelleri (6.75 μm). Length:width ratios measured by microscopy ranged from 1.5 (C. muelleri) to 2.6 (S. costatum). The clay was obtained from a natural glaciomarine deposit composed principally of kaolinite and illite that was initially dry-sieved at 63 μm. The unfiltered seawater for ex periments with natural seston was supplied using a shallow well jet pump. High sheer forces and rapid pressure changes within the pump ensured that a disaggregated seston suspension was delivered to all experimental chambers. The clay and algal cell suspensions served as controls for the potential effects of variable particle shapes in the seston on instrument calculations of ESD and any ensuing effects on particle retention by mussels.
Particle analysis
Analysis of all particle suspensions was performed using a PAMAS field laser particle counter (Mod -el S4031GO) containing an HCB-LD-50/50 lightscattering sensor. This instrument provides particle counts (numbers) within a potential interval of detection between 1 and 200 μm (32 size channels). The analyzer was initially set to determine the particle size distribution spanning a total range from 1 to 32 μm (studies with the flow-through method) but was reduced to a detection range from 1 to 16.5 μm for the remainder of the experiments. The PAMAS was factory-calibrated according to ANSI/NFPA T2.9.6 R1-1990 and ASTM F658-80 for 17 sizes of certified latex beads spanning the full range of the instrument (1200 μm). The largest standard deviation detected during calibration for particle sizes in the range 1 to 40 μm (12 different sizes used) was 0.52 μm. Instrument calibration was confirmed at the study site using certified particle size standards (Beckman Coulter latex beads; nominal 2, 5 and 10 μm diameter). The PAMAS was used for both discrete sample analysis (10 ml water samples) and time-series analysis of particle suspensions. The latter was accomplished by programming the instrument to pump water from feeding chambers at set intervals (more details in the next subsection).
Retention efficiency

Static method
Prior to starting each experiment, 3 mussels or 7 tunicates were transferred from a holding tank to clear PVC feeding chambers (13 cm height and 10 cm diameter; 1000 ml volume) supplied with flowing unfiltered seawater from 7 m depth. The tunicates were attached to Velcro strips on the side of the chamber, while the mussels rested on a perforated shelf on the base of the chambers. Water within chambers was continually mixed by aeration in an internal airlift tube that pumped water from below the shelf up to the surface. This recirculation approach results in a low degree of turbulence. An identical chamber without any suspension feeders served as a control for sedimentation. The suspension feeders were initially left undisturbed for ca. 1 h, until observed to be actively feeding (open siphons). The water flow to the chamber was then terminated. For experiments with natural seston, the PAMAS was immediately set to withdraw 10 ml water samples from the chamber at 30 s intervals, to determine the particle size distribution, and then to return the water to the chamber as the next sample was acquired. For studies with suspensions containing clay or algae cells, a small volume (<10 ml) of a concentrated particle stock suspension was added to the unfiltered seawater in each chamber immediately after the seawater flow was terminated. The particles were allowed to mix for 1 min, and then the PAMAS was started for semi-continuous analysis, as for the natural seston. A Turner Cyclops chlorophyll a fluorometer, inserted through the top of the static chambers, was used to monitor the decline in microalgal concentrations throughout each experiment. The incubation was terminated when the fluorescence signal declined to a constant value, which generally required 30 min. These fluorometer data were not employed in the following RE calculations, as they do not provide information on fluorescent particle size.
A suspension feeder pumping at a constant rate in a static chamber will remove particles at a rate that is a function of the concentration of particles in the chamber and the capacity of the filter feeder to retain these particles (RE). As the suspension feeder continuously removes particles, the concentration (C ) in the chamber will decrease in an exponential form, resulting in a linear decline in lnC over time (Coughlan 1969) . Semi-continuous (30 s interval) particle counting with the PAMAS analyzer monitored this progressive particle reduction and the RE for each particle size, and for any given elapsed time, RE size,t is proportional to:
where C size,t and C size, 0 are the concentrations of particles of a given size at times t and 0, respectively. For all measurements, a check was made to confirm that the decline in lnC was linear over time (i.e. confirm assumption of constant pumping rate). RE size,t values were standardized across the full range of particle sizes measured by setting the highest RE size to 1 (designated as RE max ) and proportionately adjusting RE size for the other particle size bins (Møhlenberg & Riisgård 1978) . Standardized RE size values are reported below as RE std . RE values obtained by Eq.
(1) represent the cumulative particle capture response of the suspension feeder(s) in the chamber over an elapsed time ranging from 30 s to 30 min. RE was measured over a range of elapsed times to determine if the standardized RE for each particle suspension was dependent on feeding time.
The precision of values obtained using Eq. (1) is related to the variability in particle counts measured during just 2 sampling times (start and end). To increase measurement precision and to better assess the quality of RE measurements, the exponential decay of particles in feeding chambers was analyzed using an approach that utilizes all the time-series data simultaneously to provide a single RE size value for each diet treatment. Particle depletion in a static chamber is represented as a continuous function that follows (from Coughlan 1969): (2) where C is the concentration of particles and λ is the exponential decay constant, which in turn is a function of PR, RE and the chamber volume (V ). Given the dependence of RE on particle size, λ is size-specific:
Given that PR and V are assumed to be constant during the feeding trials and independent of particle size, λ size can be used as an indicator to compare RE among particles of different size. Therefore, Eq. (2) can be integrated for each particle size:
Applying logarithms:
This linear form of the equation was applied to the time-series data collected with the PAMAS for each particle size, and λ size was calculated as the slope of the linear regression between lnC size and the elapsed time. It was assumed that the maximum λ size corresponds to particles that can be effectively retained (i.e. 100% after standardization). Accordingly, the following relationship was used to standardize RE for each particle size: (6) where λ max is the maximum λ size obtained in Eq. (5). This results in a RE scale ranging from 0 to 1, representing particle sizes that are not retained and retained at maximum efficiency, respectively. The r 2 of the regression between lnC size and elapsed time was used as a standardized means of assessing the effect of temporal variability in (1) particle counts on these measurements and (2) pumping rate of bivalves. To minimize the effect of this analytical error or behavioural change, regressions with r 2 below 0.95 were considered to represent a condition where the RE size value obtained was of low precision because of excessive variability in particle counts between sampling times or changes in pumping behaviour. Setting such a high r 2 threshold represents an extremely conservative approach (i.e. sta tistically robust) to ensuring the high precision of RE values calculated by this method. Residuals were also visually analyzed to discard bias across elapsed time.
Flow-through method
The flow-through method for measuring particle CR and RE is intended to simulate more natural conditions experienced by sessile suspension feeders than the static method. The feeding chambers employed were the same as described by Strohmeier et al. (2009 Strohmeier et al. ( , 2012 . In brief, the internal dimensions of the chambers were 3.8 cm wide, 19.5 cm long and 8.1 cm high, with an internal design that constrains recirculation of water past the suspension feeders when an acceptable flow speed is provided. RE was measured for mussels exposed to the natural seston using 40 separate flow-through chambers. Four additional chambers were left empty to control for any effect the chamber may have on the outflow particle concentration. The seawater supply to all chambers was pumped from 7 m depth (15 m total depth at seawater inlet) into a header tank. The flow rate to each chamber from the header tank was controlled by individual valves, and the flow rate exiting each chamber was measured at the chamber outlets immediately before beginning any measurements. The bivalves were left undisturbed in chambers with flowing seawater at least 1 h to resume feeding before sampling water from the outlet of the chambers. Water samples collected from each chamber outlet were analyzed for particle concentration and size distribution using the PAMAS particle analyzer. Three 10 ml subsamples from each water sample were analyzed using the PAMAS, and mean particle counts for each suspension feeder were used to calculate size-specific RE (32 particle size channels) according to:
where C c is the particle count exiting the control chamber and C e is the count in water exiting the suspension feeder chamber. CRs were calculated as the product of the flow rate to the chamber and the RE of particles averaged over the 3.75 to 7.75 μm size range. Suitable flow rates for the chambers were previously identified by Strohmeier et al. (2009; 1114 l h −1 for mussels of similar size as used in the present study) to ensure that measured CRs are flow independent. However, additional tests were conducted to further investigate the possibility of flow effects on RE. For this assessment, 80 measurements were conducted with mussels using flow rates between 1 and
. All RE measurements were standardized as for the static method; RE size was expressed as a fraction of RE max .
Statistical analysis
Curve fitting and regression analysis were performed with SigmaPlot Version 12 (Systat Software). One-way ANOVA comparisons were performed at α = 0.05 with Systat Version 13 software (SPSS). Prior to hypo thesis testing, the data were screened for normality and homo scedasticity by examining normal probability and residual plots (Wil kinson et al. 1996) .
RESULTS
Characterization of experimental particle suspensions
Average particle size distributions for the natural seston and seston/ clay mixtures are shown in Fig. 1 . The seston from 7 m depth at the study site consisted primarily of particles smaller than 16 μm, with a steady logarithmic decline in particle counts across the size spectra (Fig. 1a) . The volume concentration peaked at approximately 5 μm and rapidly declined for particles larger than 11 μm (Fig. 1b) . Addition of the stock clay to the unfiltered seawater (reference suspension) resulted in a uniform increase in particle counts for all size bins, with counts increasing by an average of 35% (Fig. 1a) . The clay additions had little effect on the shape of the seston volume distribution (Fig. 1b) . Particle counts in the algal cell diet treatments were between 7 and 12 times higher than for the natural seston diets. The median size (ESD) of the 5 microalgal species measured with the PAMAS was similar to median cell lengths obtained by micro scopy (difference in median size averaged 1.0 ± 1.1 μm SD).
RE based on the static method
Water temperature and salinity during the study period were 12.7 ± 0.5°C (mean ± SD) and 27.2 ± 1.6, respectively. RE size distributions of mussels feeding on natural seston are shown in Fig. 2 . The standardized RE results (RE std ) based on Eq. (1) were calculated for 5 sampling intervals ranging from 1 to 16 min. The longest time span was chosen after preliminary observations showed that the decline in lnC remained linear for this period. The standardization of these data assumed that maximum RE occurred within the size range 1.25 to 11.25 μm. The reason for deciding on this range is described below. Although the shape of the RE std size distribution was generally similar regardless of the time between initial and final samples, RE increased for most particle sizes with increasing elapsed time (Fig. 2a) . Short sampling intervals (< 2 min) resulted in relatively low RE across the size spectra and higher variability compared with longer intervals (Fig. 2a) . Longer sampling intervals tended to reduce the measured RE max , and an elapsed time of 16 min indicated maximum retention for particles larger than approximately 8 to 9 μm. RE decreased gradually below this threshold to an average of 42% for the 2.25 μm size bin (Fig. 2a) . The average RE for 3 to 4 μm particles was approximately 60%. ). Mean (± SD; n = 5) values are shown for each particle suspension sampled from static chambers at the start of feeding experiments
Unlike the traditional approach to calculating RE from the static method (Eq. 1), RE results obtained using Eq. (6) (referred to hereafter as the regression method) utilized all the time-series data (30 s sampling intervals over a total period of 15 min) to characterize the retention of particles in each size bin. Mean results obtained using this method showed a similar relationship between RE and particle size (Fig. 2b) as observed for the traditional method with a 16 min sampling interval (Fig. 2a) , albeit with lower variability. The results of regression analysis of the relationship between lnC size and sampling time are also shown in this figure, and the r 2 value declined below 0.95 for particles larger than 11.25 μm. The relatively high variability of particle counts in larger size bins decreased the curve fit to a level where the precision of RE std results was too heavily influenced by temporal variability in the relatively low particle counts to provide precise results. For this reason, all RE measurements reported for the seston diet were limited to the 1.25 to 11.25 μm size range (Fig. 2) .
Mussels exposed to the reference particle suspension, containing a mixture of natural seston and clay particles, exhibited similar RE std spectra (Fig. 3) as described in this subsection for the pure seston suspension (Fig. 2) . As with the seston diet, the results obtained using Eq. (1) show that RE std progressively increased for most particle sizes as the elapsed time in the chamber increased (Fig. 3a) . The regression method identified the size range between 2.25 and 11.25 μm as providing precise values for this particle suspension (r 2 ≥ 0.95), and RE std declined steadily below a mean RE max at 11.25 μm (Fig. 3b) . Curves describing an exponential rise to a maximum were fit to mussel RE std data for each particle suspension and provided the following equations: 
where values in parentheses are the 95% CI for each coefficient. Despite the close fit of these data to the regression model, coefficient CIs overlapped for both diets, indicating that the addition of clay to natural seston had no apparent effect on the size-specific RE std response of mussels. The retention of the 5 algal cell suspensions by mussels (Fig. 4) , calculated using the regression method, followed a similar relationship with particle size as for the seston (Fig. 2 ) and reference diets (Fig. 3) . The RE std responses of Ciona intestinalis, averaged for both the seston and reference diets, are shown in Fig. 5 . As with the mussels, the traditional calculation approach gave markedly different results depending on the length of the sampling interval (Fig. 5a ). The regression approach indicated that measurement precision was high for particle sizes between 1.25 and 11.25 μm and that over 95% of particles larger than approximately 5 μm were retained (Fig. 5b) . RE std declined below this size to an average of 71% retention for 1.25 μm particles. The following equation described the relationship between RE std and particle size for this species: shows that the tunicates retained a larger fraction of all particle sizes below approximately 8 μm than the mussels.
RE based on flow-through method
Mussel RE values averaged across the 3.75 to 7.75 μm size range of seston particles (selected based on traditional assumptions regarding maximum RE) declined exponentially with increasing flow speed (decreasing water residence time) in the feeding chambers (Fig. 6) . Although this range of flows and RE values can occur under natural conditions, CR measurements obtained with this method are only Fig. 2 except that standardized retention efficiency (RE std ; mean ± SE; n = 3) is for tunicates Ciona intestinalis exposed to natural seston (n = 1) and mixtures of seston and clay particles (n = 2) considered to be accurate when independent of flow rate. Individual mussel CRs, calculated from RE values measured at the different flows, were observed to be dependent on flow at relatively low and high speeds (Fig. 5) . The CR data were grouped over 7 flow ranges (0 to 5, 5 to 7.5, 7.5 to 10, 10 to 15, 15 to 20, 20 to 25 and 25 to 30 l h −1 ), and normal probability plots showed that a normal distribution was present only for the 3 groups with flow rates between 7.5 and 20 l h −1
. Skewed distributions and heteroscedasticity of CR data were detected for the remaining flow ranges (Fig. 5) . One-way ANOVA showed no significant difference in mean CR values measured for the 7.5 to 10, 10 to 15 and 15 to 20 l h −1 flow ranges (df = 28, F-ratio = 0.748, p = 0.483). This flowindependent range provided an average CR of 4.5 l h −1 (SD = 0.8) for mussels averaging 54.8 mm (SD = 1.3) shell length.
The effect of flow rate on the RE std size distribution is shown in Fig. 6 . These calculations assume that the RE max for the seston suspension occurred within the same size range as identified for the static method (1.25 to 11.25 μm). As with the static method, the shape of the RE std size distribution varied with the time the mussels had to clear particles passing through the chamber (i.e. residence time). Highest residence times occur during the flow dependency phase (0 to 7.5 l h −1 ) and resulted in relatively high retention of all particle sizes below the RE max (Fig. 6) . Reducing residence time resulted in a reduction in the efficiency of mussels to retain the majority of available seston particles (Figs. 1 & 7) . The increased variability in RE std during the flow inhibition phase (> 20 l h −1 ) reflected the relatively small difference in particle concentrations between the control and mussel chambers. At these high flows, the effect of mussel feeding on seston concentration was approaching the range of variability in seston concentrations in control chambers.
Eq. (8) was also plotted in Fig. 7 for comparison of RE std results obtained for natural seston using both the flow-through and static chamber methods. Both approaches showed a gradual decline in RE std below an RE max within the 9 to 11.25 μm size bins. However, the static method indicated a slightly faster decline in RE std with reducing particle size and a lower reten- (Fig. 7) . However, even for these small particle sizes, there was considerable overlay in RE results obtained using both methods (Figs. 2 & 7) .
DISCUSSION
Blue mussels Mytilus edulis in Lysefjord, Norway, displayed maximum RE for particles larger than 8 to 11 μm. The retention of smaller particles declined slowly, with 50 to 60% retention of 4 μm particles and 30 to 40% retention of 2 μm particles. This RE size distribution was maintained for mussels fed natural seston, mixtures of seston and clay, and algal cell monocultures. These observations indicate that the established relationship between RE and particle size for this species (see 'Introduction') does not consistently apply across the broad biogeographic distribution of this species. The CRs of mussels, which averaged 4.5 l h −1 for the flow-independent phase, were measured using the commonly accepted approach of assuming 100% RE for particles larger than approximately 4 μm (Cranford et al. 2011) . Rather than being completely retained, 4 μm particles were actually retained at 61 to 86% efficiency, indicating an incorrect use of the indirect method (Williams 1982) . Recalculation based on the measured depletion of particles in the 8.25 to 11.25 μm size range yielded a 20% increase in average CR (5.6 l h −1 ; SD = 1.5). It is therefore recommended that the RE size distribution be routinely determined to identify the size range of effectively retained particles prior to calculating bivalve CRs with the indirect method.
The present study investigated possible sources of error in 2 basic approaches for estimating RE (static and flow-through methods) with the purpose of validating their performance in studies with natural seston and to recommend any methodological improvements. The RE size distribution measured using the static method was shown to be dependent on the selected sampling interval. RE data obtained using the static method showed that the retention of most particle sizes increased with the time the mussels and tunicates were exposed to the particle suspension. This apparent time dependency in RE is not indicative of a biological response but reflects accumulated mathematical errors related to variability in the concentration decay and the apparent size of maximum particle retention (RE max ). Both parameters are more precisely determined as the difference between C 0 and C t increases with time. Given that standardization of individual measurements is based on RE max , values obtained after a relatively long exposure time (16 min in the present study) should provide the most reliable measure of the true RE size distribution. The decline in lnC remained linear over this time period in the current study, but this requirement should be checked prior to any calculations of RE by the static method. A consequence of this requirement is that the static method is unsuitable for measuring rapid fluctuations in particle capture rates and efficiencies.
The availability of automated particle counting instrumentation facilitates a more statistically robust approach for measuring RE and CRs using the static method. The regression approach developed in the current study utilized an average of 30 sampling periods to calculate the RE of particles in each of 32 size bins over short (30 s) sampling intervals. This large sample size facilitates the high precision of measurements, while setting an r 2 threshold at 0.95 ensures that only accurate results are presented. A regression approach has been used previously to ensure the linear decay of particle concentrations in static chambers (Bayne et al. 1999) and to calculate CRs (Riisgård & Seerup 2003) . However, the automated high-frequency sampling and particle analysis approach reported herein, combined with Eq. (6), represents a novel method for estimating RE that ensures a high degree of measurement accuracy and statistical precision.
Standardized RE results based on the modified static method were generally similar to those obtained with the flow-through method. The RE max occurred within the same 8 to 11 μm size range, and retention declined to approximately 60% for 4 μm particles. Some variation in the RE std spectrum was observed to occur for the different flow rates, with relatively high RE measured at low flows (< 7.5 l h ; Fig. 6 ). The flow-through method is known to provide flow-dependent feeding rate responses because of flow bypass and/or inhibition of the bivalve pump at high flows and recirculation at low flows (e.g. Filgueira et al. 2006) . Consequently, CR and RE results obtained using this method are only reliable for the flow independency phase, which was between 7.5 and 20 l h −1 (Fig. 6) for the chamber geometry employed in the current study. Recirculation at low flows will result in the flow-through chamber behaving more like a static chamber, in which particles are depleted exponentially during the residence time of water in the chamber. The assumed linear difference in particle concentrations exiting the control and experimental chambers (Eq. 7) is therefore not valid for low flows, resulting in erroneous RE measurements. The high variability in RE values measured at high flows resulted, at least in part, from the magnitude of particle removal by the suspension feeder approaching the analytical error for estimating particle concentrations. Rosa et al. (2015) reported that 4 μm and larger polystyrene beads were retained with maximum efficiency by mussels and suggested that lower RE values, such as reported herein for particles ≥4 μm, are the result of methodological errors related to several potentially confounding factors (see 'Introduction'). These re sults are in contrast to those of Dunphy et al. (2006) , who showed that oysters retained 6 μm polystyrene beads at a significantly lower efficiency than 15 μm beads. Oysters have been reported to exhibit a similar RE size spectra as mussels (Møhlenberg & Riisgård 1978 ). The present study used a natural particle source, with uniform physical properties across the particle size distribution, to control for possible sources of error in RE measurements caused by variations in particle shape and surface properties. The use of polystyrene beads was considered less suitable as a reference suspension for the following reasons. First, the reference particles should ideally include a continuous particle size distribution that mimics the seston under study and which can be added to the seston for simultaneous particle analysis using the same instrumentation. Mathematical artifacts may arise if RE responses to reference and experimental particles are measured and/or standardized separately. Second, polystyrene microspheres are inherently hydrophobic and strongly attract each other. A surface charge, added during their synthesis, and/or the use of a surfactant is required to facilitate their dispersion in aqueous media. Although Rosa et al. (2013) showed that the surface charge of the fluorescent beads employed was similar to other marine particles, this charge is insufficient for colloidal stability, and a surfactant is employed to maintain particle dispersion. Addition of dispersed beads to seawater in feeding chambers or directly into the inhalant siphon dilutes the surfactant, and the hydrophobic beads regain a high affinity for attraction/ aggregation and attachment to surfaces, including bivalve feeding structures. In addition, surfactants of the type employed to ensure microsphere dispersion are known to inhibit the CRs of M. edulis (Ostroumov & Widdows 2006) and may result in an artificial feeding response.
The present study employed a glaciomarine clay to serve as a reference diet. The particle size distribution of the clay was very similar to that of the seston at the study site (Fig. 1) . Previous particle aggregation tests with this same clay source resulted in no flocs being formed even after 1 wk in a flocculator (Milligan 1996) . Although this same source of clay will flocculate at relatively high concentrations under static conditions, concentrations below 30 mg l −1 did not begin to form flocs for several hours (Kranck 1980) . The aggregation of clay particles during the relatively short period within feeding chambers was therefore expected to be minimal. Previous comparisons of average CR responses of M. edulis to seston particles and mixed suspensions of seston and natural marine inorganic matter showed no significant differences (Bayne et al. 1987 ). However, CRs may be expected to decline at clay concentrations greater than employed in the present study (Widdows et al. 1979) . Average RE size distributions measured for mussels exposed to both the seston and reference (seston/clay mixture) suspensions were very similar, and the regression equation coefficients describing the RE responses to these 2 treatments were within 95% CIs. It was therefore concluded that the reported RE responses of mussels to the natural seston particles available during this study are not caused by artifacts from confounding physical attributes of constituent particles but accurately reflect the response of mussels under the conditions at the study site. However, particle shape effects on RE cannot always be discounted. Under conditions where the seston is dominated by lengthy phytoplankton cells or detritus, the variable orientation of these particles as they pass the instrument detector will result in estimates of particle sizes that do not adequately reflect their capacity to be retained by a suspension feeder.
The comparison of RE responses by M. edulis and Ciona intestinalis provides further evidence of the accuracy of the reported measurements. As noted in the 'Introduction', possible methodological artifacts that could potentially give an erroneous impression of an individual's RE spectrum should consistently arise regardless of the suspension feeder being studied. However, the tunicates were observed to have a markedly different RE spectrum (Fig. 5 ) than mussels and retained > 70% of particles larger than 1 μm. The RE spectra of C. intestinalis has been reported previously based on laboratory studies with diets consisting of marine flagellates (Randløv & Riisgård 1979) , algal cell cultures and bacterioplankton (Jørgensen et al. 1984) . The present study with natural seston confirms the conclusion from those studies that filtration through the tunicate mucus net consistently results in the effective retention of particles as small as 1 to 2 μm. The filtration mechanism of mussels is considerably more complex, and the exact mechanisms of particle capture are still controversial (reviewed in Ward et al. 1998) . Numerous factors, in addition to particle size, have been shown to strongly influence particle capture without any methodological explanation (reviewed by Ward & Shumway 2004) . The capture of particles takes place upstream of a current produced by the beating of lateral cilia/ cirri on the ctenidial filaments. The laterofrontal cilia/cirri have been proposed to act as mechanical sieves, such that particle RE is somewhat correlated with the degree of development of these structures (Jørgensen et al. 1984 , Riisgård 1988 , Silverman et al. 1996 . However, Ward et al. (1998) suggested that this particle impaction mechanism is not possible at the applicable Reynolds numbers. These authors proposed a hydrosol filtration theory in which particles are captured on the ctenidial filaments through direct interception with the frontal ciliary tracts. They suggest that interspecific differences in particle RE are associated with the flow patterns that are produced by the type of latero frontal cilia/cirri present. They also proposed that an individual bivalve might adjust feeding rate and efficiency by altering the amount of water passing directly through the interfilamentary spaces through the regulation of vortical flow patterns set up by the beating of the laterofrontal cirri. A mechanical sieving mechanism is not compatible with our observations of a slow decline in RE below the size of maximum retention. In addition, previous observations of a seasonally variable RE size distribution (Strohmeier et al. 2012 , Rosa et al. 2015 lend support to the theory of a hydrosol filtration mechanism in bivalves, as described by Ward et al. (1998) . Strohmeier et al. (2012) reported that relatively small particles were occasionally captured more effectively than larger ones. The present study examined the precision of RE measurements across the ambient particle size spectra and showed that the high variability of particle concentrations in size bins larger than 11.2 μm consistently reduced the precision of RE values for those sizes. Measurements obtained for relatively large particle sizes were shown to be of low reliability and are not reported (Figs. 2−5 & 7) . However, measurement precision is not strictly a function of particle size but will depend on regional and seasonal variations in seston concentrations. It is therefore not possible, based on the results of the current study, to preclude the possi bility of reduced RE of relatively large particles.
CONCLUSIONS
The results of the present study showed that the RE size distribution of mussels feeding on natural seston does not always conform to the traditionally assumed model. This result, which was confirmed using 3 RE methodologies and 3 types of particle suspensions, cannot be attributed to potential methodological artifacts. Both the static and flow-through methods provided comparable results when the inherent assumptions were verified. Selection of an appropriate sampling interval is critical to providing accurate results with the static method, while the proper use of the flow-through method requires that feeding behaviour and particle availability in feeding chambers is not flow dependent, as has previously been reported. Standardization of RE data can be problematic for all methods given that mathematical errors will result from inaccurately identifying the particle size at which RE is most efficient (RE max ). A new approach -based on the static method -is described, that provides a statistical analysis of the reliability of all results. This time-series regression approach overcomes the problem of time dependency in previous measurements and provides a more rigorous means of identifying RE max . Results obtained using this new approach show that the reliability of RE measurements is greatly reduced when the ambient particle concentration is low.
The previous assumption of an unchanging RE size spectrum for each bivalve species has contributed to numerous conclusions on bivalve trophic resources and food partitioning between species, as well as on the ecological services and environmental effects of the biofiltration activities of bivalve populations. Rather than continuing to assume 100% RE for all particles larger than 4 μm, as a prerequisite for measuring mussel CRs with the indirect method, it is first necessary to confirm the size range of effective retention. Extrapolation of individual CRs to dense populations of wild and cultured bivalves will greatly compound any methodological error. While the focus of this study was on mussels, any suspension feeder that filters particles by means other than mechanical sieving may exhibit similar variability in the size distri bution of particles retained by the feeding apparatus.
